Heart rate vaiability (HRV), a noninvasive indicator of autonomic control of cardiac activity, is predictive of long-term cardiac morbidity and mortality. Epidemiologic research suggests that occupational exposure to power-frequency magnetic fields may be associated with autonomically mediated cardiac mortality. Results from our laboratory studies of humans exposed to 60-Hz magetic fields overnigt,. however, are inconsistent. HRV is altered in some studies but not other. To 
Heart rate vaiability (HRV), a noninvasive indicator of autonomic control of cardiac activity, is predictive of long-term cardiac morbidity and mortality. Epidemiologic research suggests that occupational exposure to power-frequency magnetic fields may be associated with autonomically mediated cardiac mortality. Results from our laboratory studies of humans exposed to 60-Hz magetic fields overnigt,. however, are inconsistent. HRV is altered in some studies but not other. To carify this, the pooled data from seven studies involving 172 men were analyzed to test specific hypotheses concerning this inconsistency. After analysis, we exduded a) measurement drift or instability over time because HRV was stable under sham-exposed conditions across all studies;. b) inadequate statistical power or failure to mantain double-blind controls; c) differences in field intensity (283 vs. 127.3 pT) or exposure pattern (intermittent versus continuous) as main efhcts; or 4) the indusion of individuals sensitive to magnetic field exposure in some studies but not others. Four separate analytic techniques failed to identify a valid subpopulation of sensitive individuals. In some studies, however, hourly blood samples were collected using an indwelling venous catheter. HRV alterations occurred during intermittent exposure in these studies (p < 0.05) but not in similar studies without blood sampling. This result suggests a field interaction with modest arousal or disturbance. Because HRV is tightly coupled to electroencephalographic activity during sleep, these results are physiologically plausible and suggest that HRV alterations during exposure to magnetic fields may occur when accompanied by increases in physiologic arousal, stress, or sleep disturbance. Key work EEG, EMF, heart rate variability, human, sleep, stress. Environ Health Prspect 108: 737-742 (2000) . [Online 28 June 2000] /ttp:/lehpnel.n liehs.nia.gov/docsf2000/188p737-742graham/abstrac.html Heart rate variability (HRV) is mediated by the interplay of the sympathetic and parasympathetic branches of the autonomic nervous system (ANS). Quantitative assessment of the HRV frequency spectrum derived from the electrocardiogram (ECG) provides a reliable, noninvasive method to assess autonomic control of cardiac activity (1, 2) . HRV is of particular interest because of its value in predicting long-term cardiac morbidity and mortality. Reductions in specific components of the HRV frequency spectrum are prognostic for the development of heart disease in large prospective cohort studies (3) (4) (5) (6) and in studies of coronary artery disease, postinfarction risk, and sudden cardiac death (7) (8) (9) .
Sastre et al. (10) recently described three studies performed in our laboratory in which 77 healthy young men were exposed during night sleep to circularly-polarized 60 and chronic coronary heart disease was not associated with these exposure indices. The former two disease categories are linked to altered autonomic cardiac control, whereas the latter two categories are not (4, 5, 12) .
It was important to learn more about the specific test conditions under which changes in HRV occur. Thus, we collected HRV in four human laboratory exposure studies. Across these studies, HRV was assessed during intermittent and continuous exposure conditions, at different field intensities, and under conditions in which hourly blood samples were not collected. Unlike the previous studies, field exposure had little or no effect on HRV. To better understand why effects on HRV have been found in some studies and not others, data from all studies were combined to create an integrated database containing relevant HRV information on 172 volunteers. This made it possible to test hypotheses that could not adequately be addressed in any single study alone and also to perform comparative analyses to identify possible confounders or predictor variables. Here we describe the results of our analyses and discuss their implications.
Materials and Methods
Common characteristics. Table 1 lists the general characteristics of the seven studies included in the multistudy database. For ease of presentation, the studies are broadly grouped by type of experimental design. Studies A, B, and C used an independentgroups design (i.e., each subject was assigned to a single test or control condition, and statistical analysis evaluated differences between groups). The remaining four studies used the more powerful (13) (16) , and the facility is described by Cohen et al. (14) . The four subsequent studies were performed in the new exposure facility constructed at the MRI. Characteristics of this facility have also been documented as part of the U.S. national Electric and Magnetic Field Research and Public Information Dissemination Program directed by the National Institute of Environmental Health Sciences (1/7). The facility is described in Doynov et al. (15) . Basic exposure characteristics (e.g., field uniformity, phase angle, and harmonic content) of the 60-Hz alternating-current magnetic field generated in the original and in the new facility are in close agreement.
In each study conducted in the new facility, the subject slept on a bed in a sound-attenuated and air-conditioned exposure test room (a cube approximately 2.4 m on each side). Magnetic field generation at the selected frequency, intensity, waveform, pattern, and duration was controlled by software operating in conjunction with power generation systems. To produce the circularly polarized field, one axis of the field was phase-shifted 900 with respect to the other axis. The Merritt-type concentric coil systems were located out of the subject's sight behind the walls, ceiling, and floor of the exposure room [Doynov et al. (15) provides additional details]. The subject slept with a north-south body orientation. The horizontal axis of the field was oriented north-south and the vertical axis was perpendicular to the floor. In six of the seven studies in Table 1 , subjects were exposed to a uniform (± 2.5%) sinusoidal 60-Hz magnetic field at a resultant flux density of 28.3 pT. Study G evaluated exposure effects to the same field but at a higher resultant intensity (127.3 pT). This intensity is relevant to the upper range of occupational exposures and to recommendations of the International Commission on Non-Ionizing Radiation Protection limiting exposure in the general population to 100 ,T at 50 Hz (18). All studies included a noexposure sham control condition in which the magnetic field generation coils were not energized and the subjects were exposed only to the ambient background 60 Hz magnetic field measured in the laboratory [< 0.2 pT (2 mG) ]. This intensity is relevant to typical residential exposures.
As shown in Table 1 , subjects were exposed overnight to an intermittent magnetic field in all but one study (E). The pattern of intermittent exposure used in these studies followed the protocol described in Sastre et al. (10) , and consisted of alternating 1-hr field-on and field-off periods. During field-off hours, the field generation coils were not energized. During field-on hours, the field cycled on and off at 15-sec intervals. A zero-current crossing technique allowed the magnetic fields to be switched without introducing artifacts because of the generation of HF magnetic field transients at the switch points. In study E the volunteers were exposed only to the continuous magnetic field, and in studies F and G they were exposed to both intermittent and continuous magnetic fields. The decision to emphasize intermittent field exposure and to use circularly polarized fields was based on previous research indicating that such exposure is associated with alterations in human physiology (10, 19, 20) and also on rodent research reporting that circularly polarized fields are more effective than linearly polarized fields in reducing nocturnal concentrations of the pineal hormone melatonin (21) .
Procedures. All studies were performed at night. Subjects were instructed to refrain from consuming alcohol for 24 hr before a test session and to have no caffeine after 1700 hr on the day of a session. On arrival at the laboratory, subjects changed into sleepwear, vital signs were recorded, and the ECG recording sensors were attached. The lights in the exposure test room were turned off at 2300 hr, the field or sham exposure condition was activated, and the subject remained in bed until 0700 hr. Subjects were monitored through the night via closed-circuit TV, open audio intercom, and the physiologic recording system. Four studies (Table  1 ) involved the collection of hourly blood samples through the night for melatonin analysis. In these studies, an indwelling butterfly catheter was inserted into a vein in the arm or hand at the start of a test session to minimize disturbance to the subject during subsequent sample collections. The study nurse entered the test room each hour on the hour to collect the samples. In the repeatedmeasures studies, order of field exposure and sham control sessions was counter-balanced such that equal numbers of subjects participated in each condition on each night. Measures. Recording sensors were attached to skin sites on the right clavicle and the seventh intercostal space under the left axillary midline, corresponding to the standard ECG lead II configuration. In the three studies reported by Sastre et al. (10) , the lead II ECG was passed in real time through a modified Schmitt trigger hardware detector. The output of the trigger, which is a pulse at the time of the R wave, was continuously recorded to produce the series of cardiac interbeat intervals needed to derive HRV. In subsequent studies, the full lead II ECG was digitally recorded through the night. Custom software that permitted expert operator review was then used to identify the R waves and generate the interbeat interval series data. Physiologic recording was accomplished using a Beckman multichannel recorder (type R612) in the earlier studies, and a model 15 Neurodata physiological data acquisition system (Astro-Med, Inc., West Warwick, RI) in the subsequent studies. Both systems used optically isolated amplifiers with high common mode rejection, high input impedances, and isolated power supplies.
For quantitative analysis of HRV, the interbeat interval data were first converted to instantaneous heart rate to provide a regularly spaced time series with a 1-sec resolution. The time period selected for analysis was midnight to 0600 hr. Each hour was divided into three equal periods containing 1,024 points. After detrending and applying a Hamming window, a digital Fourier transform was performed on each period. Results were expressed as the power spectrum in the 0.0-0.5 Hz range. In the three previous studies (Table 1 ; studies A, D, and E) described in Sastre et al. (10) , the cardiac data collected in the 5-min intervals immediately before and after the hourly blood collections were excluded from analysis to eliminate possible artifacts associated with this procedure. HRV analysis in these studies was based on data collected in the six 50-min intervals from midnight to 0600 hr, each divided into three equal time segments containing 1,024 points. In the subsequent studies, HRV analyses were based on data collected over the entire hour. In the analysis of study F (Table 1) , we examined whether the results obtained with 50-min intervals differed substantially from the results of analyses that used the full hours; no significant differences were observed, so full hours were used in all subsequent studies.
We used analysis of variance (ANOVA) as the primary statistical technique to test for differences between exposure and control conditions. ANOVA was performed for total power in all frequency bands of the HRV spectrum (0.0-0.50 Hz) and for absolute and percent power in the LF (0.0-0.10 Hz) and HF (0.15-0.40 Hz) bands. The major analysis variables evaluated were study (the seven studies in Table  1 ), hour (the 6 hr from midnight to 0600 hr), and period (the three time intervals containing 1,024 data points in each hour). Results were considered statistically significant if p < 0.05. In the repeated-measures studies, probability values were corrected for lack of sphericity using the HuynhFeldt epsilon technique. Significant main effects or interactions were followed up with simple effects analyses.
Results
The biologic magnitude of the reduction in HRV observed by Sastre et al. (10) was approximately 17%. Power analysis determined that the subsequent studies possessed sufficient statistical power to detect a similar degree of HRV suppression. Analyses were performed to test four hypotheses.
Hypothesis 1: the observed lack of replication is due to drift or instability over time in the HRV measures collectedfor comparison purposes in the no-exposure sham-control sessions. In each of the seven studies in Table 1 , a field-related effect was defined as a statistically significant difference between the HRV measures collected during the exposure sessions and the HRV measures collected during the no-exposure control sessions. Thus, the lack of replication could be due to alterations over time in the HRV values used for comparison purposes. HRV data from the initial no-exposure control session in each study were available for 131 subjects (this included the 34 men assigned to the no-exposure control groups in the independent-group studies A, B, and C). We performed ANOVA to test for differences between studies. The between-subjects variable was study and the within-subject variables were hour and period. HRV We performed separate analyses to compare studies with independent-group designs and studies with repeated-measures designs. For studies with independent-group designs (A, B, and C), data were available for 66 subjects. The between-subjects variables were blood sampling (yes or no) and field (exposed or control) and the within-subject variables were hour and period. ANOVA did not reveal any statistically significant main effects or interaction effects involving blood sampling and field or hour, indicating that the blood collection procedure was not a significant factor in determining the pattern of HRV responsiveness observed over the night in the independent-groups studies. This conclusion, however, is limited by the fact that only 8 of the 24 exposed subjects included in this analysis were drawn from study A, in which significant field-related effects on HRV were found.
For the repeated-measures studies (D and F), data were available for 47 subjects. The between-subjects variable was blood sampling and the within-subjects variables were field, hour, and period. ANOVA revealed that the blood collection procedure was a significant factor in determining HRV responsiveness during magnetic field exposure in these studies in which each subject served as his own control. Figure 1 plots hourly mean values across the night for percent power in the LF and HF bands under magnetic field exposure conditions. Figure 1 contrasts the differences observed in HRV when subjects are exposed to the magnetic field with and without the concomitant presence of hourly blood collections. Figure IA shows that percent LF power does not differ in the initial 20 min of exposure (mean = 49%) under blood collection and no-bloodcollection conditions. It then becomes progressively differentiated with increasing exposure duration as a function of the presence or absence of blood collection. When blood was not collected, LF power increased through the night; when blood was collected (8) Hypothesis 4: the lack of replication in HRV results across studies is due to the inclusion ofindividuals who are sensitive to magnetic field exposure in some studies but not in others. There is little evidence for human perception of, or sensitivity to, power frequency magnetic fields until field intensities far above those described here are encountered (22) . In each of the studies in Table 1 , the volunteers could not judge whether they were in the field exposure or the control condition at better than chance levels. Nevertheless, there are reports of individuals with heightened sensitivity to electromagnetic fields, and attempts to account for such sensitivity have included reference to possible alterations in autonomic nervous system activity (23) . Thus we attempted to develop objective physiologic criteria for the identification of possible magnetic-field-sensitive individuals based on the HRV measures collected in the present studies. Four separate approaches were explored using data from the 71 subjects who participated in the three intermittent-exposure repeated-measures studies in Table 1 (D, F, and G) .
The pattern of changes observed in HRV over the night tends to be fairly consistent when measured within an individual. In our initial approach we reasoned that field-sensitive individuals would not display consistent HRV patterns between exposed and unexposed nights. To help identify such individuals, we computed a cross-correlation function (CCF) between control and exposed nights for each individual. Computation of the CCF was based on the values for total power and for absolute and percent power in the LF and HF spectral bands obtained in each of the sequential 20-min data collection periods throughout the night. The CCF was computed for a zero time lag and also for time lags of ± one, two, and three 20-min periods. This allowed us to identify correlations between control and exposed nights that might be perfectly synchronized in time (zero lag), up to correlations that might be displaced in time by + 1 hr (lag 3). High values of the CCF would be indicative of consistent HRV patterns within an individual who is not sensitive, and small or negative CCF values between control and exposed nights could indicate a breakdown in consistency induced by the field. We defined individuals with two of the following three criteria as sensitive: small zero lag correlation, small positive maximal value of the CCF, and/or large absolute value of the most negative value of the CCF. Approximately 25% of the subject sample was defined as potentially sensitive according to this definition. If this approach were valid, we would expect only the sensitive subjects to exhibit the change patterns for LF and HF power shown in Figure 1 . However, ANOVA did not identify different patterns of HRV in sensitive versus nonsensitive individuals at any of the lags evaluated.
In Sastre et al. (10) power in the LF band did not increase in the exposed subjects and it displayed a distinctly observable pattern over the night. In our second approach, we reasoned that any subject who exhibited LF power change patterns similar to those seen by Sastre et al. (10) could be tentatively labeled sensitive; the remaining subjects were labeled nonsensitive. Two scorers blinded to the exposure conditions evaluated all 71 subjects, using visual pattern recognition to identify the patterns of interest in all-night plots of the hourly mean values for LF power. Approximately 25% of the subjects were defined as potentially sensitive using this approach. We then attempted to predict this group difference derived from visual pattern recognition using a set of variables selected from other available data collected in the studies. The variables included mean heart rate, systolic and diastolic blood pressure before the first test session, age, order of exposure (control/exposed versus exposed/control), body mass index, Pearson correlation between LF power on control and exposed nights, and the standard deviation of heart rate on the control night. We performed stepwise logistic regression (SLR) on this set of variables to determine if any of them predicted group differences. The Pearson correlation between control and exposed nights was the single variable to enter the regression; it had marginal significance and explained a negligible amount (4%) of the variance.
In the Sastre et al. (10) studies, the magnitude of the field effect on HRV appeared to be greater earlier rather than later in the night. Thus, our third approach focused on the HRV data collected in the first 2 hr of exposure. We examined both the pattern and magnitude of LF power changes to see if they differentiated potential sensitive and nonsensitive subjects. Individual records were first evaluated by visual pattern recognition as previously described. Approximately 23% of the subjects were defined as potentially sensitive using this approach. We performed SLR on the set of variables described above to determine if any of them VOLUME 108 1 NUMBER 8 A biologic mechanism that could provide the necessary link between exposure to power-frequency magnetic fields and alterations in human physiology is not known. Cellular activity or function, however, may be modulated by the electric fields induced in the body by exposure to the ambient magnetic field. The biophysical issue here, of course, is whether the intensity of the generated magnetic field presented in the studies examined here is of sufficient strength to alter the endogenous electric fields generated by the heart. Calculations derived from the detailed whole-body dosimetric model of Dawson et al. (27) indicate that the 127.3-pT field would induce an average electric field of between 1.3 and 1.7 mV/m within heart muscle. This is far below the intensity of the endogenous fields measured in the heart of the dog, a well-accepted surrogate for the human heart. Hart and Gandhi (28) (29) .
The failure to see an effect when comparing different field intensities may not be entirely surprising because the only high field intensity (127.3 pT) study in our data set is one in which blood was not collected. In a more recent study of independentgroup design without blood collections (30), we again observed robust field-related suppression of the LF band of the HRV spectrum, and also of mean heart rate, when volunteers were exposed to circularly polarized magnetic fields at a frequency of 16 Hz and a resultant intensity of 28.3 pT. The 16-Hz frequency is well within the endogenous beta frequency band of the EEG. Exposure at this frequency may be more likely to induce an acute response because the beta frequency band exhibits a close temporal association with epochs of REM sleep and also shows a reciprocal relationship with delta activity during NREM sleep (31) . These observations suggest that the lower intensity (28.3 pT) evaluated in the present series of exposure studies may be sufficient to alter the activity of the pontine and medullary brain centers that control HRV, provided that the neural substrate is responsive due either to an increase in physiologic arousal or to a closer match between the frequency of the exogenous magnetic field and endogenous neural activity. Further research to directly test this hypothesis could clarify whether the acute alterations observed in cardiac autonomic control mechanisms associated with the combination of physiologic arousal and magnetic field exposure have chronic health implications.
